Introduction
It is widely recognized that anthropogenic climate change is one of the most challenging and urgent global problems to be solved. For example, the European Union advocates an ambitious climate policy strategy to make a difference (see, e.g., EU, 2008) , and in a worldwide perspective the EU has the intention of setting a good example. In particular, this has involved pursuing energy and climate policies that cut greenhouse gas emissions. For instance, a price on CO 2 has been introduced by the EU Emission Trading System (ETS) in 2005. The ETS will comprise all major carbon dioxide (CO 2 ) emitting sectors, however, the sectors outside the ETS will not be exempted from climate and energy policy; for these nontrading sectors, raised CO 2 taxes is an alternative. In this respect, Sweden is a leading country as it was one of the first nations to introduce a CO 2 tax for households and selected industry sectors in 1991. By international comparison, the CO 2 tax in Sweden has been maintained at a significant level ever since.
One common argument against environmental regulation is that they may, in addition to simply increase costs, hamper productivity and competitiveness among firms, and therefore further lower profits. Viewed in this perspective, high environmental ambitions of EU and Sweden may have far-reaching negative effects on regulated firms' possibilities of competing on international markets. On the other hand, the well-known Porter hypothesis (Porter, 1991;  Porter and van der Linde, 1995) claims that introducing, or strengthening, the 'right kind' of environmental regulation (e.g., in principle taxes and tradable permits) will induce productivity gains and reduce inefficiencies, leading to increased competitiveness and profits compared to countries with lower environmental ambitions. As a result environmental policy could be costless and, consequently, by being a 'first mover', the EU and Sweden could actually benefit more than they loose from its climate mitigation endeavors. Based on the case of Sweden, this paper addresses this issue by studying the CO 2 tax scheme and its effects on firms' competitiveness and profits.
The main purpose of this paper is to assess the contemporary and dynamic effects of the Swedish CO 2 tax scheme on firm profit efficiency in the manufacturing industry during the period 1990 to 2004. The empirical approach consists of obtaining conditional profit efficiency scores by using a stochastic profit frontier approach. In this particular case we address efficiency in managing energy input use, i.e., we assume that firms may be more or less profit efficient depending on how well energy is managed in the production process.
Efficiency is allowed to depend on both contemporary and lagged CO 2 tax, which enables us to test for immediate and dynamic effects of CO 2 taxation on profit efficiency.
The literature on the Porter hypothesis and the argued effects of environmental regulation on profitability/competitiveness is now quite extensive. In a recent and comprehensive review, Brännlund and Lundgren (2009) conclude that there is no general evidence, neither for nor against the Porter hypothesis. It is also evident that there are few studies that directly address the profit perspective or even the 'right kind' of regulations. Also, as far as we know, there is no study that takes dynamics into account (lagged effects of the CO 2 tax) when analyzing the relationship between climate policy, such as the Swedish CO 2 tax, and firm profit efficiency.
Therefore, this paper contributes importantly to the literature on the subject, which is made possible by a unique data set that includes total CO 2 taxes actually paid at firm level in Swedish industry. If the Porter hypothesis is relevant in this case, an appealing policy implication is that firm productivity and competitiveness may be improved with relatively modest efforts (i.e. by simply raising the tax). Specifically, if profit inefficiency is confirmed, it means that individual firms' actual profits are low in comparison to a potentially attainable profit frontier. Hence, there are profit improvements to be made among these firms through better management of the energy input, without actally investing in any new technology; it is simply about using current technology and energy input resources more efficiently. If profit inefficiency is established, and if CO 2 taxation has a significant positive effect on profit efficiency, then the CO 2 tax schemes may constitute a policy that accomplishes both pollution reductions and profit improvements.
The paper is structured as follows. In Section 2 the Porter hypothesis is described, and earlier literature on the subject is discussed. Section 3 presents the empirical framework; a stochastic frontier approach is used to estimate profit efficiency conditional on CO 2 taxation. Section 4 presents the data, and in Section 5 the empirical results are given. Finally, Section 6 offers a conclusion.
Climate policy without cost?

CO 2 taxation in Swedish industry
Regarding CO 2 taxation in Sweden, a historical view and detailed discussion is provided in Brännlund (2009) . Sweden was one of the first nations to introduce a CO 2 tax for households and selected industry sectors in 1991. By international comparison, the CO 2 tax has been maintained at a significant level ever since. However, the tax burden gradually shifted over to the non-industry sector over the years. In fact, the Swedish CO 2 tax system is complex and characterized by exceptions and exemptions (see Brännlund, 2009) . One argument for not imposing a too heavy burden on the industry sector is that the CO 2 tax in Sweden cannot deviate too much from taxes in other countries, as it would jeopardize the competitiveness of Swedish firms on international markets. Nevertheless, the effective tax rate for industry firms is not negligible; during the period 1991-2004 it was on average 0.11 SEK/kg CO 2 (about 10 EURO/ton) and it varied across years, sectors, and firms.
The argument that the Swedish CO 2 tax scheme should not deviate too much from tax policies in other countries contradicts the Porter hypothesis, which argues that environmental regulations of the 'right kind' lead to increased competitiveness. This hypothesis is discussed below.
The Porter hypothesis
A most widely used argument against stringent environmental regulation is that firms are forced to reduce production, or make certain investments that crowd out other more productive investments. Consequently, productivity levels and productivity growth are hampered, and therefore also competitiveness and profits. This means that environmental policy apprehends as causing the firms substantial costs. However, the Harvard Professor Michael E. Porter questioned these types of arguments (Porter, 1991) . His arguments in favor of stringent environmental regulation of the 'right kind', such as pollution taxes, tradable permits, and deposit-refund schemes (Porter and van der Linde. 1995, p. 111) , have later on become to be known as the Porter hypothesis. The hypothesis is in detail outlined in Porter and van der Linde (1995) , where the most essential point made is that the relationship between environmental regulation and firm competitiveness should be viewed from a dynamic point of view and not from a static point of view. The dynamic view allows for firm adjustments over time that, e.g., incorporate process and technology development that is positive for firm performance. Hence, profit is increased, and is ultimately increased to such an extent that the cost of achieving the profit increase is offset. Accordingly, given that regulations have positive effects on the environment, the Porter hypothesis may be seen as a "win-win" hypothesis. In other words, improved environmental status comes with seemingly no costs.
The "win-win" outcome is sometimes referred to as a "strong" Porter effect. In Brännlund and Lundgren (2009, p. 9) , a strong Porter effect is defined as originating from environmental policy-induced productivity gains that are generating additional profits that, at least, compensate for the costs of attaining the productivity gains. On the other hand, a "weak"
Porter effect refers to the case when the cost is not fully compensated. In this paper we particularly address the Swedish climate policy and whether there are any effects on firm profit in general, strong or weak, in terms of affecting profit efficiency. Hereafter, the Porter hypothesis is formally considered from this perspective.
According to Porter and van der Linde (1995), "win-win" situations arise because there are dynamic effects evolving over time. It is too narrow to regard effects of environmental policy from a static point of view. The static view of environmental taxation is illustrated in Figure   1 . Assume that a profit-maximizing firm produces a market product, y , by using a single input factor, x . The product and factor price is p and w , respectively. Then the firm profit objective to be maximized is wx py − = ∏ 0 . Furthermore, assume that the use of input give rise to emissions of some pollutant according to z x = α , 0 > α . Accordingly, firm production may be described as ) ( 0 z f y = . Given the relative price, p w , i.e., the slope of the price line, 0 ∏ , the profit maximizing firm will produce the amount 0 y , when not being environmentally regulated. Consequently, the production will generate the emission level 0 z .
Next, assume that the regulating authority imposes an unit tax on emissions, τ , which means that the production cost increases to x w ) ( Figure 2 , where the firm due to management inefficiency is operating at point C, and is obviously not maximizing the profit. 2 See, e.g., Coelli et al., (2005) , Färe and Primont (1995), and Fried et al. (2008). Again, assume that the regulatory authority imposes an emission tax, τ . Then, according to the Porter hypothesis, the tax burden will make the firm aware of inefficiencies and, hence, the firm will begin to use each input unit more efficiently to maximize profit. Before the tax is imposed, improved efficiency in line with profit maximization would be illustrated by the firm moving its operation from point C to point A. However, as the imposed tax changes the relative price between the produced market product and emissions, the firm adjusts further to point B. Compared to operating at point C the production is increased from 0 y to τ y , at the same time as emissions are reduced from 0 z to τ z . Obviously, if a firm is operating inefficiently when not being environmentally regulated, imposing a tax will not only cause the firm costs, but also may induce additional revenues. Therefore, it is not obvious that imposing an emission tax will reduce the firm profit. As illustrated in Figure 2 , and as the Porter hypothesis suggests, profit increases from 0 ∏ to τ ∏ (which is the opposite compared to the case illustrated in Figure 1 ).
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However, taking a traditional standpoint, the positive effect on firm profit from moving from point C to point B would not be regarded as a dynamic effect of environmental taxation, as no technological change actually has occurred from one period to another. But, this particular movement does not necessarily have to occur instantaneously. Firms may adjust stepwise during several periods after the tax having been imposed. Hence, efficiency may improve over time. As such taxes may be regarded as having dynamic effects on firm efficiency.
Finally, technological change is manifested by shifts in the frontier technology, which may be seen as results of environmental taxation stimulating innovative behavior that leads to 9 development of new processes. In Figure 2 , this is illustrated by the technology shift from In this paper we analyze the Porter hypothesis by investigating whether there is a positive relationship between CO 2 taxation and profit efficiency, which in Figure 2 is illustrated by the distance between C and B.
Earlier literature
A recent review by Brännlund and Lundgren (2009) structures the international literature and put things into perspective. Their main conclusion is that there is no general empirical evidence in favor of the Porter hypothesis, but neither is there any general evidence against the hypothesis. However, empirical research specifically focusing on the effects of environmental policy on productivity growth tends to show either negative effects or no effects at all. Furthermore, regarding studies on environmental policy and effects on firm profits, a study that somewhat distinguishes from the others, in terms of model approach adopted, is Brännlund and Lundgren (2010) . Using a factor demand system, they study the effects of the Swedish CO 2 tax regime on technological progress and profit development in the Swedish manufacturing industry, corresponding to a shift in the price line from τ ∏ to 1 ∏ in Figure 2 . The results show a 'reversed' Porter effect, specifically for energy intensive industries. The present study uses partly the same data set but from a different perspective; we look specifically on both the contemporary and dynamic effects of a CO 2 tax on profit (in)efficiency, i.e., a shift from 0 ∏ to τ ∏ .
Important to notice is that the empirical studies directing the Porter hypothesis are in general missing the most crucial argument of the hypothesis, namely the dynamic perspective. appears that environmental regulations imposed on offshore oil and gas production have historically been in terms of command-and-control. Generally, Porter and van der Linde (1995) state that environmental policy should not be directed at, e.g., specifying specific technologies by command-and-control.
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Performing an empirical analysis on 17 Quebec manufacturing sectors during 1985 -1994 , Lanoie et al. (2008 first calculate a Törnquist TFP-index and in a second step TFP is regressed on a set of explanatory variables, e.g., environmental stringency. As a proxy for environmental stringency investment in pollution-control is used. Furthermore, to test for dynamic effects the pollution-control investment variable is lagged. Their results show that there are positive dynamic effects on TFP (which could be exemplified by the movement from point B to point D in Figure 2 ). However, whether this is to be interpreted as being in favor of the Porter hypothesis is doubtful. The pollution-control variable used as a proxy for environmental regulation stringency mainly incorporate "end-of-pipe" equipment, which
Porter and van der Linde (1995, p. 111) not really recommend.
A similar approach, and accounting for dynamics, is adopted in Broberg et al. (2010) . They study the effect of environmental protection investments on total firm efficiency in five Swedish manufacturing sectors during the period 1999-2004. 5,6 , Total efficiency scores are first estimated using a parametric stochastic frontier production function approach. Then, in a second step, the efficiency scores are used as the dependent variable in linear random effects regression analyzes, where investment in pollution control and pollution prevention, together with some control variables, are included as independent variables. Investment in pollution prevention is clearly recommended by Porter and van der Linde (1995). However, the results in Broberg et al. (2010) show no general support for the Porter hypothesis and argued dynamic effects of environmental regulation on productivity.
Finally, it is obvious that there are only a few studies on the Porter hypothesis that directs environmental policy and its effects on firm profit, and also account for dynamics.
Additionally, to our best knowledge, there is no study on effects of environmental regulation on profit efficiency (referring to price line shift from 0 ∏ to τ ∏ in Figure 2 ). In this paper such a study is provided, which is, similarly to the Broberg et al. (2010) study, based on a stochastic frontier approach. This is the topic of the next section.
Stochastic frontier analysis
To test whether the CO 2 tax regime in Sweden has had any effects on firms' profit efficiency we use stochastic frontier analysis, 7 which was suggested by Battese and Coelli, (1992 , 1995 ), and Coelli (1996 . Furthermore, the estimating procedure may be seen as being composed of two parts performed in chorus. The first part refers to obtaining profit efficiency scores by estimating stochastic profit functions. The second part refers to the actual tests, where the profit efficiency scores are dependent on a CO 2 tax variable and a set of control variables. In purpose of catching dynamic effects of CO 2 taxation, the tax variable is also lagged, following
Managi et al. (2005) and Lanoie et al. (2008) . As suggested in Battese and Coelli (1995) , the two parts of the estimating procedure are conducted simultaneously. Recent studies using the simultaneous approach, however estimating production functions and not profit functions, are, e.g., van der Vlist et al. (2007), and Shadbegian and Gray (2006) .
Theoretical outline
The production function approach is commonly used when estimating frontiers; however, here we instead base our analysis on a stochastic frontier profit function approach. When estimating production functions directly, there are some econometrical issues (Kumbhakar, 2001 ). For instance, as firms choose input quantities in production in purpose of maximizing profits, the assumption of regressors being exogenously given is violated. This will lead to inconsistent parameter and technical efficiency estimates. However, this problem is avoided when estimating profit functions as output and input prices are (assumed) exogenous to the firm's optimizing problem.
The profit efficiency approach adopted is based on Kumbhakar (2001), and may be described as follows. First, the underlying production function may be expressed as
where y is produced market output, x is a vector of inputs used in production, and u is technical efficiency. Technical efficiency is in this case referred to as being output-oriented,
i.e., it says something about how much output can be increased, holding input quantities constant.
Assuming that technical inefficiency exists, i.e., 0 > u , the profit function corresponding to equation (1) Based on frontier production function estimations, as suggested by Battese and Coelli (1992 , 1995 ), and Coelli (1996 , the stochastic profit frontier model may be expressed as 8
In all, the profit inefficiency in equation (4) is defined as 8 To test whether there is any profit inefficiency at all a significance test of the γ estimate can be run (see Coelli, 1996, p. 6) . 
where kt z is a vector of variables that are exogenously given to the firms' production processes, and δ is a vector of parameters to be estimated. The random variable,
, is truncated by the variable truncation point
Profit efficiency is then defined as
which shows that the smaller the nonnegative inefficiency variable, The expressions in equation (6) and (7) constitute the basis of the test procedures to be conducted in this paper.
Empirical approach 3.2.1 The profit frontier
The empirical approach taken includes the specification of the profit function in equation (5), which is parameterized as a Cobb-Douglas log function specification. 9 It is assumed that the firms are producing one market product by using the input factors capital (K), labor (L), electricity (E), and fossil fuel (F). In purpose of focusing on technical efficiency related to energy inputs, the profit function is specified as a restricted profit function. This means that capital and labor are modeled as being fixed in the short run. Furthermore, the function is normalized in terms of the output price in purpose of imposing the property of being homogenous in prices. Hence, the stochastic restricted normalized profit function is specified and estimated on the capital and labor input factors, K and L, on prices of energy input factors, E w , F w , and the price of the produced product, p , as follows:
where the normalization imposes the parameter restriction 1
. The function is convex and continuous in prices, non-decreasing in p and non-increasing in w , and concave and continuous in fixed input factors (Bergman, 1997) .
11 The estimated parameters of the fixed factors are therefore expected to have a positive sign. Furthermore, to account for size 9 More flexible profit function specifications were tested, such as the translog, but the Cobb-Douglas performed better in terms of model convergence and economically reasonable parameter estimates. 10 In the case of a underlying Cobb-Douglas production function that is homogeneous, the relationship between profit efficiency and output technical efficiency may be expressed as 
The profit efficiency model
The main purpose of this paper is to test whether the CO 2 tax regime in Sweden has had any effects on firms' profit efficiency. Therefore, the expression in equation (7) also needs to be explicitly specified, meaning that relevant explanatory kt z variables need to be identified.
Specifically, the empirical profit efficiency effects model reads as follows: 
which, following Battese and Coelli (1992 , 1995 ), and Coelli (1996 , is estimated simultaneously with equation (8) Therefore, it seems natural to not exclude the possibility of a negative sign for 1 δ .
An alternative approach
The empirical model outlined above follows a quite common procedure concerning how quasi-fixed variables are entered into the model. That is, in our case, quasi-fixed capital (K) and Labor (L) are modeled as arguments in the profit function (equation (8)). However, an alternative approach would be to include these variables as arguments in the inefficiency function (equation (9) These slightly different approaches will also provide us with a robustness test of the estimates. Table 1 provides an overview of the different sectors in the data set available. The data contains information from all firms in the manufacturing industry in Sweden (SNI10-37). Output price indices 14 are sector specific, and firm specific input prices can be calculated from the costs for labor, electricity, and fuels. The calculation of the price of capital is based on national and industry based indices, respectively, which seems plausible considering that firms have limited opportunities to affect the prices for capital (global market) significantly.
Data
Some descriptive can be found in Table 2 and Figure 3 . As mentioned above, the CO 2 tax varies considerably across sectors ranging from about 0.04 SEK/kg in the wood product sector to almost 0.15 SEK/kg in the Food sector. From Figure 3 it is evident that there is no particular pattern or relationship between the cost shares of energy or fuels and the actual CO 2 tax paid by firms. In other words, high use of CO 2 emitting inputs does not necessarily mean that the payments of CO 2 tax per unit emitted are also high. 13 Assuming that value added is VA = p L L + p K K, i.e., compensation to primary factors of production. 14 Collected from Statistics Sweden, see producer price index section at the website www.scb.se. 
Results
The results presented in this section counts for the Swedish manufacturing sector as a whole, the energy intensive sector, and the non-energy intensive sector. Estimations are also run on individual sectors separately (full estimation results are given in Appendix A). Two slightly different estimating approaches are behind the results. In Table 3a the results are based on modeling the quasi-fixed capital and labor variables as arguments in the profit function, i.e., equation (8), and in Table 3b the results are based on modeling these variables as arguments in the (in)efficiency function, i.e., equation (9). As the γ -columns reveal, independently of estimating approach, significant profit inefficiencies can be established for all sectors, except for Steel/Iron. The results indicate in general that manufacturing firms did not make efficient use of their technologies during the period in study and, therefore, did not maximize profits. The question is then whether the CO 2 tax scheme, introduced 1991, contributed positively to profit (in)efficiency during the period we study. For the manufacturing sector as a whole the result is very clear. The CO 2 tax had both negative static effects and negative dynamic effects on firm profit efficiency. This result contradicts the Porter hypothesis. Divided into subsectors, this conclusion still holds for the energy intensive sector. For the non-energy intensive sector, however, the result is in line with the Porter hypothesis, indicating that CO 2 taxation have positive effects on efficiency. Only the static effect is significant on the 10 percent level.
Turning to analyzing individual sectors, the results prove to vary substantially. Among the sectors Wood, Chemical, and Rubber/Plastic the CO 2 taxation did not have any effect on profit efficiency what so ever. A Porter effect appears among the sectors Mining, Food, Textile, and Printing. In these cases we identify positive dynamic effects of CO 2 taxation on profit efficiency. Notable is that when looking specifically on disaggregated data estimations 15 The manufacturing sector is simply divided into energy intensive and non-energy intensive firms. This suggests that estimation of inefficiencies based on the sub-samples (energy intensive and non-energy intensive) should not differ so much from the estimated inefficiency based on the whole manufacturing sector. 16 However, note that the results of both models, provided in Tables 3a and 3b , indicate similar static and dynamic effects of CO 2 taxation on profit efficiency.
(sectors), energy intensity of production seems to make little difference; Mining and Food being energy intensive, and Textile and Printing not being energy intensive. Interestingly, from the data section it is clear that the average tax paid by these four sectors was 0.101 SEK/kg emitted CO 2 , which is slightly lower than the average of 0.11SEK/kg for all 12 sectors in study. There is no clear link between the level of average tax paid in a sector and the rejection or acceptance of the Porter argument.
In sum; the results are similar to those often achieved in previous studies. It is difficult to confirm any general effect of environmental regulation on productivity, in our case specifically profit efficiency. Therefore, the results provide no general evidence either for or against the Porter hypothesis. Instead, the results vary between sectors and aggregation levels.
Discussion and conclusions
The European Union advocates an ambitious climate policy strategy to address the anthropogenic climate change, and in a worldwide perspective the EU has the intention of setting a good example. According to the Porter hypothesis, the EU would benefit from such a strategy of being a 'first-mover' by applying the 'right kind' of environmental regulations.
The hypothesis is controversial in some circles, and has been a subject of intensive research within the field of economics since the mid nineties. However, there are quite few studies that directly address the right kind of regulations, e.g., pollution taxes and tradable permits, and also address the effects of such regulations on firm profits. Furthermore, as far as we know, no study has concerned dynamic effects of CO 2 taxation on firms' profit efficiency before. In general, even though the dynamic perspective is the central message of the Porter hypothesis, it is very much left out in previous studies.
Considering the 'first mover' strategy of the EU, the main purpose of this paper has mainly been to assess the dynamic effects of the Swedish CO 2 tax scheme on firm profit efficiency in manufacturing during the period 1990 to 2004. The task has been accomplished by using a stochastic frontier approach.
The results are similar to those often presented in previous studies. It is difficult to confirm any general effect of environmental regulation on productivity, in our case specifically CO 2 taxation on firms' profit efficiency. Therefore, the results provide no general evidence, neither for nor against the Porter hypothesis. On aggregated levels, manufacturing as a whole and the energy intensive sector show now positive response to taxation, while in the non-energy intensive sector results are less conclusive. Furthermore, the results vary between sub-sectors, and the estimations indicate positive dynamic effects within the Mining, Food, Textile, and
Printing sectors.
Compared to other studies directing dynamic effects of environmental regulation on productivity, the results in this study is similar to those in Broberg et al. (2010) . They find no general effect of investment in environmental protection on technical efficiency. However, the results differ from those in Lanoie et al. (2008) . They find that investments in pollution control have positive dynamic effects on technological change in Quebec manufacturing in Canada. Also, they find that the positive dynamic effects are stronger in sectors which are more exposed to international competition. However, we do not confirm the latter finding.
Our results indicate positive dynamic effects of CO 2 taxation on profit efficiency within four Swedish manufacturing sectors. Three of them are the same sectors as those in Quebec manufacturing that Lanoie et al. (2005) identify as less exposed to international competition, i.e., Food, Textile, and Printing.
17
Furthermore, our study can be seen as a complement to Brännlund and Lundgren (2009) .
Using a sub-set of their data, the picture of the impact of CO 2 taxation on productivity in Swedish manufacturing is broadened. For energy intensive industries, due to negative effects on technological change, Brännlund and Lundgren (2009) find a negative impact of CO 2 taxation on profits. Taken together, no positive clear cut confirmation of the Porter hypothesis can be made regarding CO 2 taxation and its impact on profits.
The final and overall conclusion that can be made from this study is that we cannot confirm the hypothesis that the EU, or individual Member States, would benefit from being a 'first mover' in terms of imposing high CO 2 tax rates compared to other countries outside EU.
There are some interesting topics of future research. For instance, the EU attaches great importance to tradable permits by its Emission Trading System (ETS). The literature on environmental regulation and its impact on firm performance, in terms of giving incentives to productivity growth, is extensive but leaves out tradable permits. Another interesting topic would be to assess actual environmental performance on firm productivity and competitiveness. Simultaneously estimating the effect of CO 2 taxation on emission intensity and the effect of emission intensity on productivity would give an efficient estimate of the effect of environmental performance on productivity.
Appendix A 
